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Abstract: The work aims at investigating the techno-economic performance of a biodiesel micro
combined heat and power (CHP) system for residential applications. The CHP unit is based on
a direct-injection compression ignition engine providing 6.7 kWel and 11.3 kWth. A 0D model is
developed and validated to characterise the behaviour of the biodiesel-fired engine at full and
partial load in terms of efficiency, fuel consumption, and emissions. Furthermore, non-dimensional
polynomial correlations are proposed to foresee the performance of biodiesel-fuelled engines for
micro-CHP applications at partial loads. Afterwards, the CHP system is adopted to satisfy the electric
and thermal demand of domestic users in Southern Italy. To this purpose, a parametric analysis is
performed considering a different number of apartments and operating strategies (electric-driven
and thermal-driven). A bi-variable optimisation based on the primary energy saving (PES) index
and payback period (PBT) permits selecting the thermal-driven strategy and five apartments as the
most suitable solution. The optimal PBT and PES are equal to 5.3 years and 22.4%, respectively.
The corresponding annual thermal self-consumption reaches 81.3% of the domestic request, and the
thermal surplus is lower than 8%. Finally, a sensitivity analysis is adopted to define the influence
of the costs of energy vectors and a cogeneration unit on the economic feasibility of the biodiesel
CHP system. The analysis highlights that the investigated apparatus represents an attractive option
to satisfy the energy requests in micro-scale applications, providing valuable energy and economic
advantages compared to traditional energy production.

Keywords: biodiesel; CHP; economic assessment; emissions; energy performance; internal combus-
tion engine; multi-objective optimisation; numerical model

1. Introduction

Micro combined heat and power (µCHP) generation is widely considered a key
technical solution to promote sustainable energy production and overcome environmental
concerns [1,2]. Unlike conventional separate production systems, µCHP units guarantee
lower costs and fuel consumptions, as well as higher on-site generation share [3–5]. In
this framework, internal combustion engines (ICEs) represent a reliable, well-established,
and economically viable technology [6–8]. ICEs are the most common power source for
transport and are significantly diffused for electric generation and CHP applications up to
1.0 MW [9–11].

However, fossil fuel depletion and more and more severe emission regulations have
encouraged the industry and the research community to study alternative fuels [12–14]. In
this context, biodiesel represents an attractive, renewable, and environmentally friendly
sustainable fuel [15,16]. Furthermore, the flexibility of using fuel blends (biofuel and
conventional fuel) in compression ignition engines avoids significant modifications in the
engine components and operating conditions [17–19].
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Several works are available in the literature on the use of biodiesel in compression
ignition (CI) engines for applications in the automotive field and small power genera-
tion [5,20–22]. Figure 1 highlights that the number of scientific publications has been
growing at a high rate for the last 10 years. Conversely, very few papers have been pub-
lished on CHP applications and further investigations are necessary to promote biofuel
exploitation.

Figure 1. Number of papers on biodiesel-fired internal combustion engines from 2000 to 2020.
Automotive and small power applications (red bar), combined heat and power (CHP) generation
(blue bar). Authors elaboration on Scopus data [23]. Document search criterion refers to “Article title,
Abstract, Keywords” menu and adopts “Biodiesel” AND “internal combustion engines” keywords for
ICE applications. “Biodiesel” AND “CHP” AND NOT “biodiesel production” AND NOT “hydrogen”
AND NOT “gasification” are used for CHP applications.

Furthermore, most works focused on the analysis and comparison of the performance
and pollutant emissions of ICEs fuelled with conventional diesel, biodiesel, and blends.
As an example, McCarty et al. [24] found a decrease in the performance of the CI engine
when the biodiesel share increased. In particular, a 5% torque reduction and a 7% increase
in fuel consumption were observed for biodiesel, mainly due to its lower heating value.
Furthermore, the authors claimed that biodiesel lowered carbon monoxide (CO) emissions
due to higher oxygen content, whereas hydrocarbon (HC) emissions increased with the
biodiesel share. The nitrogen oxide (NOx) emissions depended on the oxygen percentage
in the biofuel and could be either lower or higher compared to standard diesel fuel. Lahane
et al. [25] compared a wide range of biodiesel/diesel blends, from 5% biodiesel content to
full biodiesel operation, and showed that engine power did not change significantly when
the biodiesel content was lower than 20%. On the other hand, Özener et al. [26] found
that fuel consumption increased in the range 2–9%, whereas a torque reduction of 1–4%
was observed when ICE operated at full biodiesel operation. Furthermore, Ndayishimiye
et al. [27], as well as Rosa et al. [28], confirmed an increase in fuel consumption with the
biodiesel share. Similar results were found by Lahane et al. [25]. The engine running on
biodiesel fuel provided a decrease in CO and HC emissions and an increase in NOx [25,26].
A combustion analysis revealed that the injection time reduced with the biodiesel content
increase. In addition, Ozturk [29] demonstrated that the adoption of biodiesel decreased
the injection and ignition delays, as well as the maximum heat release rate, whereas the
injection and combustion durations increased with the biofuel content.

As already noticed, few studies on biodiesel engines in CHP configurations are avail-
able in the literature [23,30]. The majority of the works were experimental and focused
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on the performance and emissions of CHP engines fuelled by blends of biodiesel and
conventional diesel fuel [31]. Results show that the overall efficiency of the system and
the NOX emissions increased with the biodiesel content. Some authors experimentally
investigated the effects of additives on the performance of micro-CHP internal combustion
engines driven with biodiesel/diesel blends. In particular, Caligiuri et al. [32] highlighted
that the addition of a small amount of bioethanol (3% on a volume basis) provided a signif-
icant thermal efficiency increase (up to 13%) compared to the neat fully diesel or biodiesel
operation. A further positive effect of bioethanol integration is a reduction in CO and
NOx emissions at high and low engine loads. Moreover, Magno et al. [33] experimentally
studied the effect of the addition of rapeseed methyl ester (RME) on a biodiesel (20%) and
conventional diesel (80%) blend. The addition of RME reduced the CO and HC emissions,
whereas a NOx emissions decrease was registered in some operating conditions.

As far as modelling is concerned, a bunch of papers on biodiesel compression ignition
engines is available in the literature. Different methods [34,35] and levels of complexity
can be used [36,37], adopting 0D [38], 1D [39], and computational fluid dynamics (CFD)
models [40]. CFD codes provide detailed information on the phenomena occurring in
internal combustion engines but require high computational capacities to characterise real
ICEs [41,42]. Conversely, zero dimensional models, based on the first law of thermodynam-
ics, use semi-empirical equations to describe the thermodynamic processes occurring in
the cycle. The relative simplicity of implementation, the low computational cost, the ability
to easily perform parametric analysis, and the good accuracy, make the 0D approach very
attractive.

Nevertheless, few works are available on the 0D numerical modelling of ICEs fuelled
with biodiesel for electric generation or in CHP configuration [43,44]. To fill this gap in the
scientific literature, a zero-dimensional model of a micro combined heat and power system
based on a biodiesel-fuelled internal combustion engine was developed. The performances
in terms of electric and thermal efficiency, specific fuel consumption, and NOx emissions
was evaluated at full and partial loads. The thermal power was recovered for cogeneration
purposes from the exhaust gas flow and the cooling circuit. A semi-empirical model
to predict the NOx emissions as a function of the heat release rate and adiabatic flame
temperature [45] was used, and the CO2 and GHG emissions were evaluated considering
the emission factors [46,47]. The engine 0D model was validated with experimental data
from the scientific literature.

Another novelty of the work was the introduction of non-dimensional polynomial
correlations useful for foreseeing the performance (fuel consumption, thermal, and electric
efficiency) of biodiesel-driven engines at partial load for micro-CHP applications. After-
wards, attention was focused on a case study to investigate the energy characteristics
and the economic viability of the CHP system to satisfy the energy demand of residential
users. To this purpose, a multi-variable optimisation was carried out to define the num-
ber of apartments, which guaranteed a suitable trade-off between economic and energy
performance of the selected CHP unit. The energy balance and the main emissions were
evaluated, and a sensitivity analysis of the main economic parameters was carried out.

2. Materials and Methods
2.1. System Description

A zero-dimensional numerical model was developed to characterise the energy per-
formance of a biodiesel-fired combined heat and power (CHP) system for micro-scale
domestic applications. Particularly, the CHP apparatus provided electric and thermal
energy to satisfy the energy demand of domestic users. The simplified scheme of the
overall system is shown in Figure 2 as well as the main energy fluxes: electric and thermal
production, final users’ energy self-consumption, thermal integration from a conventional
auxiliary boiler, thermal dumping, electric excess to be injected into the grid, and electric
integration. The energy balances are expressed as follows:

Pr = Pel − Ps + Pp (1)
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.
Qr =

.
Qth −

.
Q +

.
Qab (2)

where Pr and
.

Qr represent the electric and thermal power request, respectively; Pel and
.

Qth are the CHP electric and thermal power, respectively; Ps is the electric power surplus;
Pp corresponds to the electric power from the grid;

.
Qs is the thermal power surplus; and

.
Qab represents the auxiliary boiler thermal integration.

The figure also shows the details of the CHP arrangement and main components: the
prime mover and two heat exchangers to recovery waste engine energy from the coolant
circuit and the exhaust gases.

Figure 2. Micro-CHP system layout and energy fluxes.

2.2. Prime Mover

The CHP apparatus is based on a single-cylinder four-stroke direct injection (DI)
compression ignition engine, whose main characteristics are summarised in Table 1. The
rated brake power is equal to 11.0 kW at 2000 rpm and reduces to 7.6 at 1500 rpm. An
alternator converts the mechanical energy into electricity while two heat exchangers in
series exploit the thermal energy of the cooling fluid and exhaust gas. At partial load
operations, the coolant mass flow rate varies to maintain the temperature difference from
the entrance to the outlet of the CHP system equal to 10 ◦C. Several experimental tests on
the current biodiesel-fired internal combustion engine were carried out by Qi et al. [48].
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Specifically, the biodiesel fuel was obtained from the trans-esterification of soybean crude
oil with methanol (CH3OH) catalysed by potassium hydroxide (KOH). Qi et al. analysed
the engine performances in terms of brake thermal efficiency (BTE), brake specific fuel
consumption (BSFC), and exhaust gas emissions for different loads at 1500 rpm engine
speed, and these results were adopted to validate the numerical model proposed in the
present work. More information on the experimental investigations is available in the
literature [48].

Table 1. Main engine characteristics.

Engine Design Single Cylinder

Operating cycle Four stroke
Ignition Compression
Injection Direct
Cooling Liquid
Bore, B 105 mm

Stroke, L 115 mm
Connecting rod, l 185 mm

Compression ratio, rc 16.5
Displacement, Vd 996 cm3

Brake rated power, Pd 11.0 kW
Rated engine speed, Nd 2000 rpm

2.3. Mathematical Model of the CHP System

The proposed zero-dimensional single-zone model was developed to evaluate the
performance of the biodiesel-fired CHP unit. The numerical model is based on the following
assumptions, in line with the literature [43,44,49]: The chemical properties and temperature
of the air-fuel mixture within the cylinder are homogeneous, the fuel injected into the
combustion chamber is instantaneously mixed with the cylinder charge, and the behaviour
of the gas mixture is ideal.

2.3.1. General Equations

The first law of thermodynamics for the investigated system can be expressed as:

.
Q f =

dU
dt

+
.

Qw + Pin (3)

where
.

Q f is the chemical heat release rate (gross heat release rate) from the combustion

process,
.

Qw is the heat-transfer rate to the cylinder walls, dU/dt is the internal energy
variation of the cylinder content, and Pin is the indicated power.

For perfect gas, Equation (1) can be expressed as follows [50]:

.
Q f =

.
Qw +

1
γ − 1

V
dp
dt

+
γ

γ − 1
p

dV
dt

(4)

where p is the cylinder pressure, V is the instantaneous cylinder volume, and γ is the
specific heat ratio that is evaluated as a function of the temperature adopting a polynomial
method developed by Krieger and Borman [51].

2.3.2. Ignition Delay

The ignition delay (ID) is defined as the difference between the start of combustion
(SOC) and the start of the dynamic injection timing. The ID is an important parameter
for the combustion process in diesel and biodiesel engines because it defines the ignition
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point and the SOC. In this work the ignition delay is based on the empirical correlation
developed by Hardenberg and Hase [52]:

τID =
0.36 + 0.22 Sp

6N
exp

[
Ea

(
1

RTTDC
− 1

17190

)(
21.2

pTDC − 12.4

)0.63
]

(5)

where Sp is the mean piston speed, N is the engine speed; R is the universal gas constant;
TTDC and pTDC are the temperature and cylinder pressure (in bar) at TDC (top dead
centre) [50], respectively; and Ea is the activation energy, which can be expressed as a
function of the fuel cetane number (CN):

Ea =
618840

CN + 25
(6)

For biodiesel, the ignition delay slightly decreases compared to the diesel fuel due to
a higher cetane number [29,48,53].

2.3.3. Combustion and Heat Transfer Rate Model

The combustion heat release rate
.

Q f is modelled as a function of the mass flow rate
.

m f and lower heating value Hi of the fuel burned into the cylinder:

.
Q f =

.
m f Hi (7)

The burned fuel is modelled by adopting a triple Wiebe function:

.
m f =

.
minj

{
1 −

3

∑
i=1

βi exp

[
−αi

(
t − tst,i

∆ti

)σi+1
]}

(8)

The law is a combination of three Wiebe functions and it is able to characterise the
different (premixed, diffusion, and late) phases of the combustion process. The parameter βi
is the fuel fraction burned for each phase, the coefficient αi accounts for the corresponding
combustion efficiency, σi is the shape parameter that establishes the combustion speed, and
tst,i and ∆ti represent the start and duration of the combustion for the generic ith phase of
the process, respectively. These parameters are defined as a function of the engine load
according to the literature [54].

The mass flow rate of fuel injected into the cylinder is:

.
minj = NhCD Ae

√
2ρ f (p f − p) (9)

where Nh is the number of injector orifices, Ae is the effective area of orifice, CD represents
the discharge coefficient [55], and ρf and pf are the density and the injection pressure of the
fuel, respectively.

The heat transfer rate to the cylinder walls is predicted according to the Annand
correlation [56]:

.
Qw = hAw(T − Tw) (10)

where Aw is the area of the cylinder, Tw is the wall temperature, and h is the convective
heat transfer coefficient, which is defined as follows:

h =
k
B

aReb (11)

where the parameters a and b are constant and are evaluated after a calibration process, k is
the thermal conductivity of the gas, and Re is the Reynolds number.
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2.3.4. CHP Performance

The energy balance of the internal combustion engine is as follows:

.
Q f = Pb +

.
Qcool +

.
Qexh +

.
Qmisc (12)

where Pb is the brake power,
.

Qcool is the heat transer rate to the cooling fluid,
.

Qexh is the
exhaust heat rate, and

.
Qmisc is the miscellaneous losses (i.e., mechanical friction and organic

losses, and convective and radiated thermal power from the engine to the environment).
The brake power Pb is evaluated as the difference between the indicated power Pin

and frictional power Pfr, which is considered constant for a given engine speed [50]:

Pb = Pin − Pf r (13)

The thermal power to the coolant is estimated as follows:

.
Qcool =

.
Qw + 0.53 f mep

voil
voil,90

Vd
N

120
(14)

where the heat transfer rate to the walls
.

Qw is predicted through Equation (8), the second
term represents the friction power fraction transferred to the cooling fluid [57], fmep
corresponds to the friction mean effective pressure, voil is the kinematic viscosity of lubricant
oil at the generic temperature T, and voil,90 is the reference kinematic viscosity at 90 ◦C.

The thermal power of the exhaust gas
.

Qexh is:

.
Qexh =

.
m f Hi − Pb −

.
Qcool −

.
Qmisc (15)

where the miscellaneous losses are considered independent of the engine load according to
the literature [58].

The electric power Pel is evaluated as the product of the brake power Pb and the
alternator electro-mechanical efficiency ηem, whereas the thermal power

.
Qth takes into

account the heat transfer rate recovered from the cooling fluid (
.

Qcool) and the exhaust
gas (

.
Qexh), and the corresponding heat exchanger thermal efficiencies (ηhe,cool and ηhe,exh,

respectively):
Pel = ηemPb (16)

.
Qth = ηhe,cool

.
Qcool + ηhe,exh

.
Qexh (17)

The energy performances of the CHP system are expressed in terms of electric effi-
ciency (ηel), thermal efficiency (ηth), and specific fuel consumption (Sfc):

ηel =
Pel

.
m f Hi

(18)

ηth =

.
Qth
.

m f Hi
(19)

S f c =

.
m f

Pel
(20)

Furthermore, the primary energy saving (PES) index and the energy utilisation factor
(EUF) are adopted as cogeneration parameters [59]:

PES = 1 −
.

m f Hi

Pel
ηel,re f

+
.

Qth
ηel,re f

(21)
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EUF =
Pel +

.
Qth

.
m f Hi

(22)

where ηel,ref and ηth,ref are the reference efficiencies for separate electric and thermal pro-
duction, respectively [60].

Table 2 summarises the main assumptions adopted for the investigation. The electro-
mechanical efficiency (ηem) of the alternator was set to 90%, and the heat exchangers’
effectiveness was equal to 95% [61,62]. The reference electric (ηel,ref) and thermal (ηth,ref)
efficiencies for the biodiesel-fired cogeneration unit were fixed to 44.2% and 85.0%, respec-
tively, according to the harmonised reference values for separate energy production of the
European Commission Delegated Regulation 2015/2402 [60]. The biodiesel lower heating
value (Hi) corresponded to 38.8 MJ/kg and the density (ρf) was 870 kg/m3 [48]. The fuel
injector presented four orifices (Nh) and the injection pressure (pf) was equal to 180 bar [48].

Table 2. Operating conditions and main assumptions.

Parameters Units Values

Reference electric efficiency, ηel,ref (%) 44.2
Reference thermal efficiency, ηth,ref (%) 85.0
Electro-mechanical efficiency, ηem (%) 90.0

Heat exchanger efficiency, ηhe (%) 95.0
Biodiesel lower heating value, Hi (MJ/kg) 38.8

Biodiesel density, ρf (kg/m3) 870
Biodiesel kinematic viscosity at 20 ◦C, υf (mm2/s) 7.8

Biodiesel injection pressure, pf (bar) 180
Injector discharge coefficient, CD (-) 0.39

Injector orifice number, Nh (-) 4
Injector orifice diameter, dinj (mm) 0.32

Wiebe constant, α (-) 6.9

2.3.5. Emissions Model

The numerical model was integrated to evaluate the environmental impact of the CHP
unit. To this purpose, the Zeldovich thermal-NOx mechanism [63] was considered. The
model points out the strong influence of the temperature of combustion products on the
thermal NOx. High oxygen concentrations and high temperatures of combustion prod-
ucts involve a significant thermal nitrogen oxide formation rate [50]. Several researchers
developed semi-empirical correlations based on the adiabatic flame temperature [64–66].
This work adopted a modified semi-empirical correlation [45], which takes into account
the adiabatic flame temperature and the effect of heat release rate function according to the
following equation:

mNOx = ϕ
∫ EOC

SOC
k1

(
N

2000

)k2

e−
k3

Tad dQ f (23)

where mNOx is the NOx mass per cycle produced during combustion, Tad represents the
adiabatic flame temperature, and the parameters k1, k2, and k3 are fitted with literature
data [48]. The coefficient φ takes into account the reduction process of thermal NOx due
to the re-entrainment in the reduction zone of the NOx produced during the combustion.
More details are provided in the literature [45,48,67].

Furthermore, the environmental impact of the investigated CHP system was analysed
in terms of carbon dioxide (CO2) and greenhouse gas (GHG) emissions due to the biodiesel
combustion according to the following equation:

mx = fxm f Hi (24)
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where x represents the generic pollutant, fx is the corresponding emission factor, and mf
is the annual fuel consumption that depends on the CHP operating conditions and is
evaluated as:

m f =
8760

∑
h=1

Pelh ∆th

ηelh Hi
(25)

The subscript h refers to hourly value, Pelh is the corresponding CHP electric power,
and ∆th is the time interval.

In particular, the emission factor was equal to 79.6 g/MJ for CO2, whereas the GHG
factor corresponded to 80.5 g of equivalent CO2 per MJ [46,47].

2.3.6. Economic Analysis

An economic analysis was carried out to evaluate the feasibility of the micro-CHP
system for domestic applications. When the micro-CHP unit was unable to satisfy the
users’ electric demand, the grid provided the electric energy, and the electric surplus was
sold to the grid if the CHP production was higher than the domestic request. Furthermore,
a back-up boiler was integrated to meet the users’ thermal demand when the micro-CHP
system was not able to satisfy the request. Figure 2 presents the simplified scheme of the
investigated system and the corresponding energy flows.

The main assumptions for the economic investigation are shown in Table 3. The
specific cost of the cogeneration unit was set to 1260 €/kW [68,69], and the biodiesel cost
was equal to 70 c€/L [70]. The specific rates of the thermal and electric energy were 0.10
and 0.20 €/kWh, respectively, whereas the revenues from the electricity injected into the
grid were equal to 0.10 €/kWh [61]. It is wortfh noting that renewable small and micro
scale units and high-efficiency cogeneration systems have a surplus electricity priority
dispatch according to national and European directives [71–73]. The investment period
and the interest rate were fixed to 20 years [74,75] and 3% [76,77], respectively.

Table 3. Main assumptions for the economic analysis.

Parameters Units Values

Interest rate (%) 3
Investment period (years) 20

Reference cost of electricity withdrawn from the grid (c€/kWhel) 20
Reference cost of thermal energy (c€/kWhth) 10

Reference revenue of electricity injected into the grid (c€/kWhel) 10
Reference cost of biodiesel (c€/l) 70

Reference cost of micro-CHP unit (€/kWel) 1260
Cost of electricity withdrawn from the grid (c€/kWhel) 17–23

Cost of thermal energy (c€/kWhth) 7–13
Cost of biodiesel (c€/l) 50–80

Cost of micro-CHP unit (€/kWel) 1000–2000
Maintenance cost/Investment cost (%) 1.2

Finally, a parametric investigation was performed to evaluate the influence of a
possible variation in the specific costs of energy vectors and the micro-CHP unit [78–80] on
the economic feasibility of the investigated renewable system.

3. Results and Discussion
3.1. Model Validation

The work aimed at analysing the performance of a biodiesel-fired combined heat
and power (CHP) unit for residential micro-scale applications. To this purpose, a zero-
dimensional single-zone numerical model was developed and the possible application to
the domestic sector was investigated.
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The model was validated in terms of brake thermal efficiency (BTE), brake specific
fuel consumption (BSFC), cylinder pressure, heat release rate (HRR), and NOx emissions,
adopting experimental data from the literature [48].

Figure 3 highlights the comparison between experimental and numerical BTE and
BSFC as a function of the brake mean effective pressure (bmep).

Figure 3. Comparison between numerical and experimental results in terms of brake thermal
efficiency and specific fuel consumption.

As expected, BTE increased with the engine load, whereas BSFC progressively reduced.
In particular, the numerical BTE and the BSFC at low engine load (bmep = 0.8 bar) were
15.6% and 594.5 g/kWh, respectively, whereas the corresponding experimental values were
16.8% and 553.6 g/kWh, respectively; at full engine load (bmep = 6 bar) the model shows
that the brake thermal efficiency reached 34.5% and the specific fuel consumption reduced
to 268.5 g/kWh, whereas the experimental measurements corresponded to 34.7% and
267.4 g/kWh, respectively. A global good agreement between experimental and numerical
results was registered with 3% mean absolute percentage errors.

Furthermore, the validation was extended considering the heat release and the cylin-
der pressure. As an example, Figure 4 shows the comparison between experimental and
numerical results at 5.3 bar bmep (88% of full load). The numerical results are in good
agreement with the experimental measurements. The start of combustion (SOC), which
occurs when the HRR becomes positive, predicted by the numerical model (6◦ CA BTDC)
was close to the experimental value (7◦ CA BTDC). This result confirms the proper charac-
terisation of the ignition delay (ID) after adopting Equation (5). A slight difference between
numerical and experimental results can be observed in the first (premixed) and the second
(diffusion) phase of the combustion process. In particular, an experimental slight peak was
noticed during the diffusion phase, whereas a smoother curve for the numerical results
was found. This was due to a different estimation in the biodiesel fraction burned during
the premixed and diffusion phase. However, the differences were always lower than 4.4%.
The cylinder pressure confirmed this trend (Figure 4b) and the numerical peak was slightly
underestimated. It is worth noting that this comparison was limited from the top dead
centre (TDC) to 10◦ CA after top dead centre (ATDC) due to the lack of experimental
pressure data [48] outside this range.
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Figure 4. Comparison between numerical and experimental results: (a) heat rate release; (b) cylinder
pressure.

Furthermore, Figure 5 shows the comparison between numerical and experimental
NOx emissions at different engine loads and highlights that the proposed model well
characterised the behaviour of the biodiesel-fired engine also in terms of environmen-
tal impact (nitrogen oxide production), with differences always lower than 3.9%. NOx
emissions increased as the engine load rose due to the upsurge in the adiabatic flame
temperature, oxygen content, and residence time in the combustion zone, according to
the literature [18,81]. In particular, the nitrogen oxides moved from about 400 ppm at
minimum (bmep = 0.8 bar) to about 1900 ppm at full load (bmep = 6 bar).

Figure 5. Comparison between numerical and experimental results in terms of NOx emissions.

3.2. CHP Performance Characterisation

The proposed numerical model was adopted to characterise the energy performance
of the biodiesel-fired micro-CHP unit. At full load, the electric and thermal power were
equal to 6.7 kWel and 11.3 kWth, respectively, whereas the total losses were about 3.6 kW.
Figure 6 highlights the corresponding numerical energy balance as percentages of the fuel
input.
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Figure 6. Energy balance of the biodiesel-fired micro-CHP system.

The energy utilisation factor was 83.3% and 16.7% of the biodiesel primary energy
could not be used for cogeneration purposes, in line with the literature [82,83]. The electric
and thermal efficiencies corresponded to 31.1% and 52.2%, respectively. In particular, the
useful thermal effect was obtained from the energy exploitation of the cooling fluid and
exhaust gas (25.4% and 26.8% of the fuel input, respectively).

Furthermore, the behaviour of the biodiesel micro-cogeneration unit was characterised
as a function of the electric load factor. To this purpose, efficiencies and fuel consumptions
referred to the corresponding values at full load, as follows:

ηel =
ηel

ηel, f ull
(26)

ηth,exh =
ηth,exh

ηth,exh f ull
(27)

ηth,cool =
ηth,cool

ηth,cool f ull
(28)

S f c =
S f c

S f c, f ull
(29)

where the electric load factor (Lf) is the ratio of the electric power to nominal electric power:

L f =
Pel

Pel, f ull
(30)

The normalised electric efficiency reduced with the decrease in the electric load
(Figure 7a) and maintained values higher than 82% for Lf ≥ 0.5. At Lf = 0.2 the normalised
parameter was equal to 56.4% and reduced to 43.1% at Lf = 0.13. Conversely, the ther-
mal performance rose at partial loads, and the normalised coolant and exhaust thermal
efficiencies at minimum reached 151.2% (Figure 7b) and 111.9% (Figure 7c), respectively.

The analysis demonstrated that the electric load significantly influenced the CHP fuel
economy (Figure 7d). Specifically, at low engine load, the fuel consumption was more than
doubled compared to the full load operation.

Figure 7 highlights also that the CHP normalised parameters could be properly
approximated by adopting the following polynomial correlations (red curves in the figure):

ηel = −1.345L4
f + 4.440L3

f − 5.709L2
f + 3.568L f + 0.046 (31)

ηth,exh = −0.473L4
f + 0.756L3

f + 0.015L2
f − 0.480L f + 1.181 (32)

ηth,cool = 1.454L4
f − 4.350L3

f + 5.106L2
f − 3.047L f + 1.838 (33)
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S f c =
(
−1.345L4

f + 4.440L3
f − 5.709L2

f + 3.568L f + 0.046
)−1

(34)

with R2 higher than 99%.
The comparison with experimental results from the literature [31,32,84] revealed a

good match for most of the data. It is worth noting that the thermo-physical and chemical
properties of biodiesel were hardly homogeneous for different applications, depending
on raw sources, processes, and technologies adopted for the production of the biofuel.
Even with these limitations, the proposed non-dimensional equations represented a useful
tool for the prediction of the performance of biodiesel-fired micro-CHP energy systems at
partial load.

Figure 7. CHP performances in terms of normalised parameters and comparison with experimental data: (a) electric
efficiency; (b) exhaust thermal efficiency; (c) cooling circuit thermal efficiency; (d) fuel consumption. Authors elaboration
on experimental literature data [31,32,84].

3.3. Case Study: A Domestic Application

The energy performance and the economic viability of the CHP system fuelled by
biodiesel were analysed in a test case. The energy requests of typical residential users
located in Southern Italy were considered. Figure 8 shows the daily profiles of electric (a)
and thermal demand (b) of a single apartment during a typical day in winter, summer, and
intermediate seasons in Messina (Southern Italy). The annual electric and thermal demands
are 2.70 MWhel and 9.18 MWhth [62,85]. The daily electric demand moves from 5.6 kWhel
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(winter) to 12.7 kWhel (summer), whereas the daily thermal load presents the maximum
value (44.8 kWhth) in winter and the minimum request (7.5 kWhth) in summer. The thermal
and electric data refer to the averaged energy demand registered for 500 and 110 flats,
respectively [86]. In particular, the electric load includes domestic lighting systems and
appliances, as well as air conditioners, whereas the thermal request refers to space heating
and hot water requests. Compared to simple single-apartment data, the averaged values
provide more general results. As an example, Mongibello et al. [85] investigated the energy
performances of cogeneration energy systems considering multi-apartment users resulting
from single-flat averaged data.

Figure 8. Daily profiles of the energy demand of a single apartment during a typical day in winter, summer, and intermediate
seasons in Southern Italy: (a) electric; (b) thermal; Authors elaboration on literature data [86].

The CHP energy production was evaluated on an hourly basis, also considering partial
load operations, and the minimum load was assumed to be 20% of the rated power.

The goal of the analysis was to find the best fit between the biodiesel-fired CHP engine
and the final users from an energetic and economic point of view. Two operating strategies
(i.e., thermal and electric-driven operations) were compared, and the optimal number of
apartments that could be fed by the investigated CHP system was determined by adopting
a multi-objective optimisation. To this purpose, the two objectives were the payback period
(PBT) and the primary energy saving (PES) index, and the ideal configuration presented
the minimum PBT and the maximum PES.

The first set of results concerns the analysis of the two parameters as a function of the
number of apartments (Figures 9 and 10).

Figure 9 reveals that the primary energy saving index increased with the number of
dwellings for both the investigated strategies, and the thermal-driven control guaranteed
the highest values for all the examined cases.

The maximum difference between the two operating modes (5.6 percentage points)
was registered for four apartments. Under the thermal driven strategy, the PES index
revealed a significant rise in the range from one to four apartments; from this point, the
increasing rate decreased progressively, reaching a plateau (close to 24%).

The economic analysis highlights that the sole thermal-driven strategy and a number
of dwellings ranging between three and six guaranteed cost-effective operations with
a payback period of less than 10 years. For a larger number of apartments, the energy
requests increased, and higher thermal and electric integrations were necessary, with a
negative impact on the system’s economic balances. Furthermore, the revenues from the
electricity injected into the grid reduced, and consequently the NPV was less than zero
at 20 years. The electric-driven strategy was also economically unfavourable for all the
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investigated conditions, with a payback time higher than the considered investment period
(20 years).

Figure 9. PES index as a function of the number of apartment under the thermal- and electric driven
strategies.

Figure 10. Influence of the number of apartments on the system’s economic feasibility: (a) net present values; (b) payback
periods. Thermal-driven strategy.

For this reason, Figure 10 shows the net present value (NPV) and payback period
(PBT), as a function of the number of users for the sole thermal-driven operation. Four
apartments offered a minimum PBT and corresponding NPV of EUR 22,083 at 20 years.
The hatched area in Figure 10b defines payback times higher than the investment period,
and it corresponds to unfavourable economic operations.

The “minimum distance” method was adopted as an optimisation criterion to find
a suitable trade-off between economic and energy performances, according to the litera-
ture [87–89]. The first step was finding the ideal point defined by the maximum saving
index (PESmax = 22.9%) and the minimum payback period (PBTmin = 4.5 years). The se-
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lection of the CHP system configuration was obtained by minimising the dimensionless
distance of the investigated configurations to the ideal point as follows:

dm = min

√( PBTi − PBTmin

PBTmax − PBTmin

)2
+

(
PESi − PESmin

PESmax − PESmin

)2
 (35)

where the subscript i refers to the generic ith analysed configuration.
Figure 11 shows the two parameters for the configurations that assured a positive

cash flow and reveals that a Pareto frontier existed. In particular, the multi-objective
optimisation criterion suggested adopting the thermal-driven operating mode with five
apartments.

Figure 11. PBT as a function of the PES index for different apartments.

In order to verify the energy performance of the selected configuration, the yearly
electric and thermal energy flows were analysed and the results were compared with all
the other investigated systems (i.e., adopting different operating strategies and number
of apartments), independently of the corresponding economic viability. To this purpose,
the yearly energy balances were defined as a function of the number of apartments and
were expressed in terms of thermal and electric self-consumption, integration, and surplus
(Figure 12). High energy self-consumption and low surplus were crucial to lowering the
dependence of the CHP system from the electric grid and saving fossil fuel in the auxiliary
boiler, fostering the transition towards diffuse energy systems based on renewable sources,
and promoting the development of independent smart communities [61,90].

For all the investigated cases, the lower the number of apartments, the higher the
self-consumption. It is worth noting that under thermal-driven operation the micro-CHP
unit was switched off if the heat demand was absent, and the thermal self-consumption was
higher than the electric-driven strategy, leading to a lower integration from the auxiliary
boiler (Figure 12a). The maximum difference between the two strategies was close to
37 percentage points and was registered for four apartments. Conversely, the thermal
surplus was considerably high under electric-driven operation and a significant thermal
dissipation was present (Figure 12b). Figure 12c,d compare the corresponding electric
balances. As expected, the self-consumption was always higher for the electric-driven
mode, leading to a decrease in electric integration and surplus. However, the configuration,
operating according to a thermal-driven strategy, experienced a low decreasing rate of
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electric self-consumption. In particular, the optimised system was located in the plateau
region with self-consumed electricity higher than 50%.

Figure 12. Comparison between thermal- and electric-driven strategies: (a) thermal self-consumption and integration;
(b) thermal surplus; (c) electric self-consumption and integration; (d) electric surplus.

To sum up, on the basis of the current analysis, the thermal load following operation
appears to be the proper strategy with respect to electric operating mode because it max-
imises the thermal self-consumption and minimises the thermal surplus, confirming the
PES trend. Furthermore, the selected number of apartments (five) guarantees a proper
trade-off between thermal dumping, electric surplus, and self-consumption.

To investigate in more detail the behaviour of the optimised micro-CHP unit, an
energy and emission analysis was carried out on an hourly basis.

The electrical and thermal balances in winter, summer, and intermediate season days
are shown in Figure 13. The figure also shows the daily energy consumptions for the
selected days. As already noted, the maximum electric consumption was registered in
summer (63.3 kWhel per day), whereas the maximum thermal demand was in winter
(223.8 kWhth per day).



Energies 2021, 14, 496 18 of 28

Figure 13. Hourly energy balance of the micro-CHP system for thermal-driven strategy: (a) thermal exchange in winter;
(b) electric exchange in winter; (c) thermal exchange in summer; (d) electric exchange in summer; (e) thermal exchange in
intermediate seasons; (f) electric exchange in intermediate seasons.
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During a typical day in winter, the micro-CHP system worked at nominal operating
conditions for 14 h per day (Figure 13a) owing to the high thermal energy demand, satisfy-
ing about 71% of the daily thermal request. Even though the micro-CHP unit worked at
full load, a thermal integration from the back-up boiler was necessary due to the thermal
demand that reached the maximum values.

A significant injection of the electric energy to the grid was guaranteed by the system
due to the low electric request (Figure 13b). Since the CHP system was switched off when
the thermal demand was zero, the integration from the grid was necessary. On a typical
summer day, the electric load presented the highest values (close to 2.0 MWhel/month) due
to the significant cooling requests, whereas the thermal demand was low owing to the sole
hot water request. In these conditions, the micro-CHP system worked at partial load (about
40% of the nominal thermal power) for 7 h per day (Figure 13c) and was turned off when
the hot water demand was zero, minimising the thermal excess and avoiding the thermal
support of the backup boiler. On the contrary, a significant integration from the grid, equal
to 73% of the daily electric load, was necessary (Figure 13d). During the intermediate
season, the micro-CHP system was capable of guaranteeing 88% of the thermal request,
68% of electric self-consumption, and an electric surplus equal to 67% of the production
(Figure 13e,f).

The monthly electric and thermal energy balances of the selected micro-CHP system
are shown in Figure 14. Figure 14a highlights that the micro-CHP unit completely satisfied
the thermal demand in July and August, with a slight integration necessary from April
to November (lower than 12.2%). On the other hand, the auxiliary boiler was crucial in
winter to meet the peak thermal demand and the integration ranged between 21% and 29%.
The thermal dumping was not present in January and February, whereas it reached the
maximum values in July and August (39% of the thermal production).

Figure 14. Monthly energy balances for the micro-CHP system with thermal-driven strategy and five apartments: (a) thermal
balance; (b) electric balance.

The electric balance highlights that the micro-CHP unit never satisfied the electric
energy demand (Figure 14b), covering 50.5% of the yearly electric requests. The maximum
electric integration was in July and August due to the high cooling demand. Even though
the electrical production was larger than the corresponding requests from December to
February, the grid integration was still present. In fact, the thermal and electric loads were
not concurrent during all the hours of the day. The optimised system satisfied at least 68.4%
of the electric demand from October to May whereas the electric surplus was higher than
67.4%. On the other hand, a significant integration (73.2%) was noticed in July and August
owing to the cooling load, with a small fraction of the electric production (11.6%) injected
into the grid.
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Furthermore, the monthly CO2 and NOx emissions and the biodiesel consumptions
were evaluated (Figure 15). The parameters reflected the thermal self-consumption trend,
with minimum values in the hot months and maximum in the cold season. In particular,
the biodiesel consumption reached 0.87 t in January and reduced to values lower than 0.30
in July and August. The corresponding CO2 and NOx emissions moved from about 2.6 to
1.2 t/month and from 41.8 to 11.8 kg/month, respectively.

Figure 15. Fuel consumption, CO2, and NOx emissions on a monthly basis for the micro-CHP system.
Five apartments and thermal-driven strategy.

Table 4 shows the annual balance and the main global performances. A very low
thermal dumping was found. The yearly natural gas consumption (mng) was 958.6 m3, and
it is evaluated as:

mng =
Qab

ηabHi,ng
(36)

where Qab is the auxiliary boiler integration, ηab corresponds to the efficiency of the boiler
(90%), and Hi,ng is the lower heating value of natural gas (35.9 MJ/Nm3).

Table 4. Yearly energy performance for the selected configuration.

Parameters Units Values

Electric production (MWhel/year) 21.1
Electric self-consumption (MWhel/year) 6.8

Electric self-consumption/Electric load (%) 50.5
Electric surplus (MWhel/year) 14.2

Electric surplus/Electric production (%) 67.6
Electric integration (MWhel/year) 6.7

Electric integration/Electric load (%) 49.5
Thermal production (MWhth/year) 40.2

Thermal self-consumption (MWhth/year) 37.3
Thermal self-consumption/Thermal load (%) 81.3

Thermal surplus (MWhth/year) 3.0
Thermal surplus/Thermal production (%) 7.4

Thermal integration (MWhth/year) 8.6
Thermal integration/Thermal load (%) 18.7

Global electric efficiency (%) 28.6
Global thermal efficiency (%) 54.5
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Table 4. Cont.

Parameters Units Values

Primary energy saving index (%) 22.4
Energy utilization factor (%) 83.1
Biodiesel consumption (t/year) 6.84

Natural gas consumption (m3/year) 958.6
CO2 emissions (t/year) 21.0
NOx emissions (kg/year) 324.2
GHG emissions (tCO2,eq/year) 21.4
Payback period (years) 5.3

Net present value at 20 years (€) 17,594
Specific net present value at 20 years (€/kWel) 2626.0

In this way, the proposed biodiesel CHP system guaranteed a primary energy saving
index and an energy utilisation factor equal to 22.4% and 83.1%, respectively. The annual
thermal self-consumption was around 81%, whereas the thermal surplus was about 7%
of the heat production. The yearly electrical integration was 49.5% of the corresponding
electrical energy demand, whereas the percentage of the electrical surplus amounted to
67.6%.

The proposed biodiesel CHP system presented a payback period equal to 5.3 years
and a net present value of about EUR 17,600 at 20 years. On an annual basis, the fuel
consumption was 6.8 t, whereas CO2, NOx, and GHG emissions were 21.0 t, 0.3 t, and
21.4 tCO2,eq, respectively, and future investigations will be carried out on different fuel
blends to reduce the environmental impact of the investigated CHP system and improve
its energy and economic performance.

3.4. Sensitivity Analysis

The previous analysis demonstrated that the biodiesel CHP unit represented an
interesting option to satisfy the energy requests of micro-scale users. For this reason, a
sensitivity investigation was performed to evaluate the influence of the possible variation in
costs of energy vectors and cogeneration units on the economic feasibility of the system. In
particular, the specific cost of the CHP apparatus varied from 1000 €/kWel to 2000 €/kWel,
the biodiesel price ranged between 50 c€/L and 80 c€/L, and the changes in the specific
rates of electric and thermal energy were within 17–23 c€/kWhel and 7–13 c€/kWhth,
respectively. In particular, electric cost refers to the expense of the electricity withdrawn
from the grid, and thermal cost accounts for the rate of natural gas used in the auxiliary
boiler.

Figure 16 shows the results in terms of PBT maps. As expected, the payback period in-
creased with the rise in the specific cost of both biodiesel and micro-CHP units (Figure 16a).
A wide area of profitability was observed, with PBT values of less than seven years. The
payback time reduced to less than three years when the biodiesel and CHP specific costs
were lower than 55 c€/L and 1200 €/kWel, respectively. Conversely, for a biofuel rate equal
to 80 c€/L and a CHP cost higher than 1400 €/kWel, the yearly expenses increased, and the
PBT surpassed 10 years.

Similarly, Figure 16b highlights the PBT as a function of the specific cost of electric and
thermal energy. The high self-consumption guaranteed an improvement in the economic
performance of the investigated system when the prices of electric and thermal energy rose.
A PBT of less than three years can be observed for the maximum energy rates (23 c€/kWhel
and 13 c€/kWhth), whereas the payback exceeded 13 years for electric and thermal costs
lower than 18 c€/kWhel and 8 c€/kWhth, respectively.

The analysis reveals that the investigated biodiesel CHP system represents a promising
technical solution for micro-scale CHP applications in the residential sector with interesting
economic and energy performance able to promote the exploitation of renewable sources
and the self-sustainability of small users. In fact, the relatively low payback period of the
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optimised technical solution was achieved without considering incentives for renewable
sources. Further improvements are expected for the next years due to the possible develop-
ment in the biodiesel production process and related exploitation technologies. In addition,
the fully renewable nature of the CHP unit and the low environmental impact will help in
fostering the transition towards distributed energy systems and independent smart grid
communities.

Figure 16. Payback period maps: (a) influence of the specific cost of CHP and biodiesel; (b) effect of the cost of electric and
thermal energy.

4. Conclusions

The paper aimed to analyse the energy performance and the economic viability of
a fully renewable micro-CHP unit for domestic applications. The system is based on a
biodiesel-fuelled internal combustion engine that provides 6.7 kWel electric power and
11.3 kWth thermal power. A 0D single-zone thermodynamic model was proposed and
validated to estimate the behaviour and the environmental impact of the system at full
and partial loads. The validation was carried out through experimental data available in
the literature and a good fit was found for all the investigated parameters (brake thermal
efficiency, brake specific fuel consumption, cylinder pressure, heat release rate, and NOx
emissions).

Polynomial normalised correlations as a function of the electric load were defined to
characterise the main biodiesel-fuelled CHP performance parameters. The comparison
with literature data showed good agreement and permitted the evaluation of the system
behaviour of micro-scale biodiesel CHP engines.

Afterwards, a case study was investigated. Particularly, the numerical model was
used to estimate the energy performance of the micro-CHP unit in satisfying the energy
and thermal request of typical residential users located in Southern Italy. An auxiliary
boiler was considered to produce thermal energy when the CHP was unable to meet the
peaks of request. In order to find the best fit between the CHP biodiesel-fired engine and
the final users from an energetic and economic point of view, a parametric analysis was
carried out for different number of apartments. Furthermore, two operation strategies were
compared: thermal- and electric-driven modes. An optimisation procedure was developed
to find the most suitable number of apartments and operating controls, considering the
primary energy saving index and the payback period as objective parameters. The criterion
suggested adopting the thermal-driven strategy and five apartments. Conversely, the
electric-driven strategy turned out to be economically unfavourable with a payback time
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higher than the considered investment period (20 years). The payback period of the selected
configuration was close to five years and the primary energy saving index was higher than
22%. The optimised system revealed a significant energy self-consumption: 81.3% of the
thermal request and 50.5% of the electric demand on a yearly basis, reaching at least 68.6%
of the electric load in the period from October to May. Furthermore, low electric surplus
and thermal dumping was obtained. It is worth noting that high self-consumption and
low excess production are crucial to reducing the dependence of the energy system on
the electric grid and, at the same time, to saving fossil fuel. The yearly CO2, NOx, and
GHG emissions were equal to 21.0 t, 0.3 t, and 21.4 tCO2,eq, respectively, and future works
will be performed on fuel blends based on renewable and traditional fuels to reduce the
environmental impact of the investigated CHP system.

Moreover, in order to take into account the increasing development of biodiesel CHP
technology, a sensitivity analysis was carried out to investigate the influence of the expected
decrease in the biodiesel-driven CHP cost and the effect of the energy vector costs. The
results showed that specific cost values higher than 80 c€/L for the biofuel and 2000 €/kWel
for the CHP unit led to economically unfavourable investments. However, a wide area
of profitability was found, with a payback period of less than seven years, whereas a
biodiesel-specific cost of less than 55 c€/L and micro-CHP units with a specific cost lower
than 1200 €/kWel reduced the payback period to values of less than three years.

To conclude, the payback time close to five years and the high energy performance of
the selected configuration showed that the biodiesel-driven CHP system represents for the
investigated users a technical solution capable of promoting the exploitation of renewable
sources and self-sustainability, helping to foster the transition towards diffuse energy
systems based on renewable sources. The operation of the CHP engine with different
blends of biofuel and conventional diesel fuel and the integration of the technology in
polygeneration and multi-source energy systems will be the focus of future investigations.
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Abbreviations

A Area (m2)
a Coefficient (-)
B Bore (m)
b Coefficient (-)
bmep Brake mean effective pressure (bar)
Cd Injector discharge coefficient (-)
d Diameter (mm)
E Electric energy (kWh)
Ea Activation energy (J/mol)
fmep Friction mean effective pressure (bar)
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Hi Lower heating value (J/kg)
h Heat transfer coefficient (W/m2 K)
k Thermal conductivity (W/m K)
L f Normalised load factor (%)
m Mass (kg)
.

m Mass flow rate (kg/s)
N Engine speed (rpm)
Nap Apartments number (-)
Nh Number of injector orifices (-)
P Power (W)
p Pressure (Pa or bar)
Q Thermal energy (kWh)
.

Q Thermal power (W)
R Universal gas constant (J/mol K)
Re Reynolds number (-)
Sfc Specific fuel consumption (g/kWh)
S f c Normalised fuel consumption (%)
Sp Mean piston speed (m/s)
T Temperature (K)
t Time (s)
U Internal energy (J)
V Volume (m3)
Vd Displacement (cm3)
Greek Characters
α Wiebe coefficient (-)
β Fuel burned fraction (-)
∆ Difference (-)
φ NOx re-entrainment coefficient (-)
γ Specific heat ratio (-)
η Efficiency (-)
η Normalised efficiency (%)
ρ Density (kg/m3)
σ Wiebe shape factor (-)
τ Ignition delay (s)
υ Kinematic viscosity (m2/s)
Subscripts and Superscripts
ab Auxiliary boiler
ad Adiabatic
b Brake
cool Cooling system
e Effective
el Electric
em Electro-mechanical
exh Exhaust
f Fuel
fr Friction
full Electric full load
h Generic hour
he Heat exchanger
i Generic configuration
in Indicated
inj Injected
max Maximum
min Minimum
misc Miscellaneous
ng Natural gas
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oil Oil
p Purchased
r Request
ref Reference
s Surplus
st Start
th Thermal
w Wall
Acronyms
ATDC After top dead centre
CA Crank angle
BSFC Brake specific fuel consumption
BTDC Before top dead centre
BTE Brake thermal efficiency
CHP Combined heat and power
CO Carbon monoxide
CO2 Carbon dioxide
CN Cetane number
EOC End of combustion
EUF Energy utilisation factor
GHG Greenhouse gas
HC Hydrocarbon
HRR Heat release rate
ICE Internal combustion engine
ID Ignition delay
NOx Nitrogen oxides
NPV Net present value
PBT Payback time
PES Primary energy saving
SOC Start of combustion
TDC Top dead centre
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